Research

Global Gene Expression Profiling of a Population Exposed to a Range

of Benzene Levels

Cliona M. McHale,” Luoping Zhang,? Qing Lan,? Roel Vermeulen,® Guilan Li* Alan E. Hubbard,! Kristin E. Porter,’
Reuben Thomas,® Christopher J. Portier,” Min Shen,? Stephen M. Rappaport,’ Songnian Yin® Martyn T. Smith,’

and Nathaniel Bothman?

"School of Public Health, University of California~Berkeley, Berkeley, California, USA; 2Occupaticnal and Environmenta! Epidemiciogy
Branch, Division of Cancer Epidemiclogy and Genetics, National Cancer Institute, National Institutes of Health, Department of Health
and Human Services, Bethesda, Maryland, USA,; 3Institute of Risk Assessment Sciencas, Utrecht University, Utrecht, the Netherlands;
Ynstitute of Qccupational Health and Poison Control, Chinese Center for Disease Control and Prevention, Beijing, China; *Environmental

Systems Biology Group, Laboratory of Molecular Toxicology, National Institute of Environmental Health Sciences

. National Institutes of

Health, Department of Health and Human Services, Research Triangle Park, NMorth Carolina, USA

BACKGROUND: Benzene, an established cause of acute myeloid leukemia (AML), may also cause one
or more lymphoid malignancies io humans. Previously, we identified genes and pathways associated
with exposure tw high (> 10 ppm) levels of benzene through trasscripromic analyses of blood cells
from a small number of cccapationally exposed workers.,

OBIECTIVES: The goals of this study were to identfy potential biontarkers of benzene exposure and/or
early effects and 1o elucidate mechanisnis relevant o tisk of hematotoxicity, leukenda, and lymphoid
malignancy in occupationally exposed individuals, many of whom were exposed to benzene levels

< 1 ppm, the current ULS. occupational standard.

METHODS: We analyzed global gene expression in the peripheral bloed monosnuclear cells of

123 workers exposed o benzene levels ranging from <

1 ppmx to > 10 ppm. Stady design and analysis

with 2 nuixed-effects model minimized potential confounding and experimental vadiability,

Resurrs: We observed highly significant widespread perturbation of gene expression at all exposure
levels. The AML pathway was among the pathways most significantly associated with benzene expo-
sure. Imnrune response pathways were associated with most exposure levels, potentally providing
biological plausibility for an association between lymphoma and benzene exposure. We identified a
16-gene expression signature associated with all levels of benzene exposure.

Concrusiors: Qur findings suggest that chronic benzene exposure, even at levels below the current
U.S. occupational standard, perturbs many genes, biological processes, and pathways. These findings
expand our understanding of the mechanisms by which benzene may induce bematotoxicity, leuke-
mia, and lymphoma and reveal relevant potendal blomarkers associated with a range of exposures.

Kgv woRDS: benzene, biomarker, human, microarray, transcriptomics. Environ Health Perspect
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Benzene is an established canse of acute myel-
oid levkemia (AML) and myelodysplastic syn-
dromes, and is a probable cause of lymphocytic
malignancies {Baan et al. 2009; Vlaanderen
et al. 2010), incloding non-Hodgkin lym-
phoma (NHL) in humans, as recently reviewed
by Smith (2010). Benzene is also hemarotoxic,
even at relatively low levels of exposure (Lan
et al. 2004). Possible mechanisms underlying
these pathologies include the generation of free
radicals leading to oxidative stress, imrmune sys-
tem dysfunction, and decreased immune sor-
veillance (Smith 2010). Studies of global gere
expression in the bone marrow of very highly
esposed mice have revealed additional potential
mechanisms of benzene toxicity (Faicla et al.
2004; Yoon et al. 2003), but their relevance
to risk in cccupationally exposed individuals is
sncertain. Toxicogenomic studies of exposed
human populations are an important alterna-
tive approach to the human health risk assess-
ment of environmental exposures. Such studies
that have examined environmental exposures
have identified pc;t{ntiﬂ biomarkers of early
effects and revealed potential mechanisms
underlying associated diseases (Mckale et al.

2010). However, these studies have been of
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limited size, have mainly addressed high levels
of exposure, and have often lacked precise,
individual estimates of exposure. Further, such
studies are Hmited by confounding effects and
laboratory variation, especially at low doses.
We previcusly compared global gene
expression in the peripheral blood mononu-
clear cell (PBMC) fractions of six to c*]él t pm’s
of unexposed controls and workers exposed to
high levels of benzene (> 10 ppm) and iden-
tified potential biomarkers of exposare and
mechanisms of toxicity (Forrest et al. 2005;
McHale et al QUOC‘) We chose PBMC
because they are widely used in human toxico-
genomic studies. As an extension of these
earlier studies, here we sought to identify
potential gene expression biomarkers of expo-
sure and early effects, as well as mechanisms
of toxicity, in 125 individuals occupationally
exposed to a range of benzene levels, includ-
ing < 1 ppm, the current U.S. occupational
standard ((')ccupationa] Safety and Health
Administration 1987). In the cross-sectional
molecular r:pld{:mlologiml study population,
which includes the 125 individuals analyzed
here, we previously found that white blood
cell counts were decreased in workers exposed
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to < | ppm benzene compared with controls
and that a highly significant dose-response
relationship was present {Lan et al. 2004), with
no apparent threshold within the occupational
exposure range (0.2-75 ppm benzene) (Lan
et al. 2006). We employed a rigorous study
design that included 1aLdunnzation of samples
across experimental variables, mmrporanon of
precise individual measurements of exposure,
and analysis with a mixed-effects model, with
the aim of FEMOVINg SOurces of bio?ogiczﬁ and
experimental variability (nuisance variabilicy).

Materials and Methods

Study mhjﬁcﬁ and exposure assessment. All
subjects were from a melecular epidemiology
study of occupational exposure to benzene
that comprised 250 berzzerze»exposed shoe
manufacturing workers and 140 unexposed
age- and sex-matched controls who worked
in three cloth{:sfmanufacturing factories in
the same region near Tianjin, China (Lan
et al. 2004; Vermeulen et al. 2004). This
study romplicé with all applicable require-
ments of 1.5, and Chinese re;rufanm‘s,
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including institutional review board appi‘oval.
Participation was Vo]untary, and written
informed consent was obtained.

Exposure assessment to benzene was per-
formed as described previcusly (Vermeulen
et al. 2004). For this study, we categorized
exposure groups using mean individual air
benzene measurements obtained during the
3 months preceding phlebotomy. A subgroup
of subjects was selected from each benzene
exposure category as follows: 13 workers with
very high exposure (> 10 ppmy), 11 workers
with higb exposure (310 ppm}, 30 work-
ers with low exposure (< 1 ppm; average
< 1 ppm}, and 29 workers with very low eXpo-
sure {<< 1 ppm; average < 1 ppm, with most
individual measurements < 1 ppm) (Table 1).
We previously reported that urinary benzene
and mean individual air levels of benzene
were strongly correlated (Spearman » = 0.88,
£ < 0.0001) in the epidemiological study popu-
lation (Lan et al. 2004). Among the individuals
with occupational exposure to benzene in the
present study for which urinary benzene levels
were available (» = 82), a similar correlation
was noted (Spearman r = 0.76, p < 0.0001).
A group of 42 unexposed controls were fre-
quency matched to the exposed subjects on
the basis of age and sex. Mean age (= SD) was
29.5 & 8.7 years for the 83 exposed workers
and 29.5 % 8.2 years for the controls.

Bioiogicaj sampb: collection was described
previ@us]y {(Forrest et al. 2005; Vermeulen
et al. 2004). We cransferred field-seabilized
samples on dry ice. We isolated RNAs using
the mirVana miRNA (microRMNA) isolation
kit {Applied Biosystems, Austin, TX, USA},
stored them in aliquots at ~80°C, and thawed
them imm{:éiatc’ly before mic roarray analysis.
All RNA samples analyzed had absorbance
ratios for AsguiAggg and AsgotAasy between 1.7
and 2.1, and we confirmed integrity by the
presence of sharp 288 and 185 fRNA bands
and a ratio of 285:185 intensity of approxi-
matﬁly 2:1 after denaturi ng gel elecrrophoresis.

Microarray study design and analysis. We
randomized samples, and thus exposure groups,
across labeling and hybridization reactions
and across chips as uniformly as possible [see
Supplemental Material, Table 1 {(doi:10.1289/
ehp.1002546}]. Technical replicates (2 = 19),
randomly chosen from among the 125 study
subject samples, were included in the study o
assess variability in the labeling, hybridization,
and chip steps of the microarray procedure.
We labeled samples (200 ng) in batches of 24
using the Ilumina RNA Amplification kit
{Ambion, Austin, TX, USA} and hybridized
them to llumina HumanRef-8 V2 BeadChips
in batches of 32 {four chips) following the
manufacturer’s protocol. All sample processing
was performed in a blinded manner.

Data analysis. We conducted variance com-
ponents ana]ysis using a linear mixed model
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(Laird and Ware 1982) to assess the propor-
tion of roral variation due to variation between
subjects, hybridizations, labels, and chips, both
before and after normalization [quantile nor-
malization in the affy package (Gautier et al.
2004) in R (R Development Core Team
2010}]. For each probe, we estimated the asso-
ciation berween exposure level and expression
level using a mixed-effects model with random
intercepts that accounted for clustering by sub-
ject, hybridization, and label. The fixed effects
in our model, in addition to benzene EXPOSuLe
level, included sex {1 = nuale, 0 = female), car-
rent smoking status (1 = yes, U = no), and age
(in vears, linear term) as potential confounders
of associations between gene expression and
benzene exposure. We fitted the mixed-effects
model in R with the Imer function in the lme4
package (Bates and Maechler 2010). We iden-
tified differentially expressed probes as those
with a statistically significant log-fold change
(based on likelthood ratio tests). We computed
p—values adjusted for mu]tip},ﬁ testing by con-
trolling the false discovery rate (FDR) with the
Benjamini-Hochberg procedare (Benjamini and
Hochberg 1995), using the multtest package in
R. These values are FDR-adjusted p-valoes and
were considered significant if they were < 0.05,
the traditional experiment-wise type I ervor rate.
The raw data discussed here have been depos-
ited in the National Center for Biotechnology
Information {(NCBI) Gene Expression
Omnibus (GEO) (Edgar et al. 2002) and are
accessible through the GEQO database {accession
number GSE21862; NCRI 2002).

Pathway analysis. We imported micro-
array probe IDs into Pathway Studic software
{Ariadne Genomics, Rockville, MD, USA),
and queried the ResMet 7.0 database (Ariadne
Genomics) for interactions among genes
and gene products derived from the current
literarure (Nikitin et al. 2003). We also used
a method known as “stracturally enhanced
pathway enrichment analysis” (SEPEA_NT3)
(Thomas et al. 2009), which incorporates the
associated network information of KEGG
{Kyoto Encyclopedia of Genes and Genones)
biochemical pathways (Kanehisa and
Goto 2000; Kyoto Encyclopedia of Genes
and Genomes 2000). KEGG pathways are

Table 1. Characieristics of study subjects.

manually drawn pathway maps representing
current knowledge on the molecular inter-
action and reaction networks involved in cel-
lular processes such as metabolism and the
cell cycle.

Gene Ontology (GQ) analysis. The GO
project (The Gene Ontolegy Consortivm
2000} provides an ontology of defined terms
representing gene product properties in the
domains, cellular components, molecular
functions, and biclogical processes. GO has
a hierarchical structure that forms a directed
acydis: gmph in which each term has defined
relationships to one or more other terms in
the same domain, which can be described as
parent—child relationships. Every GO term is
represented by a node in this graph, and the
nodes are annotated with a set of genes. We
used TopGO (topology-based GO scoring;
Bioconductor 2010} to calculate the signifi-
cance of biol@giczﬂ terms from gene expression
data taking the GO structure into account
{Alexa et al. 2006). We used the “elim” algo-
rithm, which differs from standard GO anal-
yses in that it eliminates genes from parent
nodes that are members of “significant” child
nodes. The elim score is the p-value returned
by Fisher’s exact test, and a node is marked
as significant if the ])-«fa?ue is smaller than
a previously defined threshold (Alexa et al.
2006). Typically this threshold is set to be
0.01 divided by the number of nodes in the
GO graph with at Jeast one annotated gene.
This corresponds to a Bonferroni adjustment
of the p—valu-ﬁs. The most highly significant
nodes thas derived are denoted as key nodes.

Both TopGO and SEPEA_NT3 have
limitations (Barry et al. 2005; Nettleton et al.
2008). They assume independence between
expressions of the genes, violation of which
can lead to greater false positives than allowed
by the nominal threshold set. These meth-
ods were chosen over more computationally
intensive permutationfbased subj(—:ct saunphng
approaches.

Hievavchical clusteving. We performed
simple supervised clustering based on com-
plete linkage (Murtagh 19853} in order to make
hear maps [hierarchical agglomerative clus-
tering with complete linkage; implemented

Air ) : oo
benzene Jount Sex [ {%]] g [ {%]]
{ppmi? {per i bioed)  Agelyears) Male  Femaie No
Corntrol {—} 47 <0.040 17465 3 17(33) 25(34) 33(33)
Very low {<< 1) 79 58,2 8{16} 21{28) 73{23)
Law (< 1)¢ 30 767 1937} 11015) 25(25)
High {5-10) i 76.8 112) 10414 16410
Very high £ 10) 13 76.8 (12} 79 818}
WEBC, wht
#Air berizene level in the 3 months preceding phlebotomy. #The limit of detection for benzene was 0.04 Lan et al

2004}, “The average lavel of benzene was < 1 pp
manths praceding phlebotomy and at ali v
{in the 3 months preceding phiehotom

Environmental Health Perspectives - vorumz 119 [ numser 5 | May 2011

and dosimetry levais were < |
) the prior month. #The average lave
iry levels were not always < T ppm i

ppm at most measurements inthe 3
fbenzene was < 1 ppm
the pravicus 3 months.
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in the helust function in R (R Development
Core Team 2010}, called by the heatmap.2
function available with the gplots hbrary in
Bioconductor (Gentleman et al. 2004}]. Input
data consisted of the four columns of log,-
adjusted ratios (the coefficients from the lin-
ear mixed-effects models adjusted for both
random and fixed effects). This provides clus-
ters driven by AVEFaZe IeSPONses within dose
groups rather than by potential confounding
within groups.

Results

Application of a mixed-effects model to analyze
gene expression. We applied a mixed model
{variance components analysis) to assess the
proportion of total variation due to variation
among subjects, hybridizations, labels, and
chips, among the rarxdomly sc]ectee within-
subject replicates (# = 19). Plotting the distri-
bution of the contribution of variance across
all probes after normalization revealed that
the greatest source of variation was between
subjects and was therefore consistent with
biclogical causes (Figure 1}, We also found
substantial variation berween labeling reac-
tions. Therefore, for each probe, we estimared

760

00

460

0

Fregquency
Frequency

100

000 .10
Chip

Figure 1. Distribution of the intraclass correlation coefficients {the proportion of variability estimated to come from each source on a proba-by-probe basis)

the association between exposure level and
expression fevel using a mixed-effects model
with {crossed) randoim intercepts that account
for clustering by subject and by label (Laird
and Ware 1982}, Because the study design
included randomization of samples—and thus
EXPOSLIeS—ACFOSS Eabeling reactions, an infer-
ential procedure was necessary that allowed
the existence of nonnested sources of corre-
lation (labeling and subject). Thus, we vsed
mixed models with so-called crossed random
effects (Fitzmaurice er al. 2004), with the
goal of providing more tms[wc;rtby inference
than procedures that would have ignored, for
instance, the variability caused by the labeling.
{Many microarray studies are not designed
to partition out the sources of Variabi]ity and
thus, if such sources are important, could
provide misleading inference. In addition,
it is often assumed thar normalization will
eliminate these sources of variability, but this
assumption cannot be verified unless the study
design allows for partitioning of the variance.)
In the model, we also adjusted, as simple fixed
effects, for bioiogical variation in expression
associated with differences in sex, age, and
smoking status.

Freguency

0.04 0.8 0.12 0.0 ¥ 04

Hybridization Label

Effects of benzene exposure on gene expres-
ston, bz'w'ggiml processes, and patkwayf, Analysis
of the overall effect of benzene across the four
exposure categories {very high, high, low,
and very low) relative to unexposed controls
(= 42) revealed significandy altered expression
(FDR-&d}usted pvalues < 0.05) of 3,007 probes
1cpruantirg ,846 genes [see Supplemental
Material, Table 2 (doi: 10.1289/ehp.1002546)].
Immune response (p = 3.78E-07) was the most
significant key node among the GO processes
associated with exposure (see Supplemental
Material, Table 3), as determined by TopGO
analysis. Pathway analysis by SEPEA_NT3
(Thomas et al. Z"""i)) revealed ngHy significant
{p < 0.001) impacts on the Toll-ike receptor
signalirzg path‘vvay, oxidative phosphory?adon,
B-cell receptor signaling pathway, apopto-
sis, AML, and T-cell receptor signaling (see
Supplemental Material, Table 4).

Large numbers of genes were signifi-
cantly differentially expressed (FDR-adjusted
p-values = 0.05) in samples from each of the
four exposure categories relative to controls
[see Supplemental Material, Figure 1 and
Tables 5-8 {dot:10.1289/¢hp. 1002546}]. We
identified several GO processes implicated in

Freguency

04 08
Subject

calcu-

lated by variance components analysis based on a mixed-effects model allowing assessment of independent contributions of variability from chip, hybridization,
fabel, and biological {subject), as well a5 residual variability.

Takie 2. Summary of GO categories overrapresented at each benzene exposure category.

inflammatory response

4.4E-05 4

Tatal no. ery low {n = 28) Low {17=30] High (n=11] h (=13
G0 term of genes? No genes  pValue®  No. genes pValue®  No.ogenes p-Vaiue® pValug’
transiation 456 64 2.0E-06 93
ubiquitin cycle 480 48 7.5E-04 98
induction of apoptosis 216 Z 04 43 19 1.56-03¢
immune response 653 58 3 7E-037 124 54 49E-0 97 1IE-04
ATP synthesis coupled on transport 40 1 2.2E-05 14 " 1.8E-03
plosis 804 80 5.86E-03 158 107 7E-03
sterol fransport 8 5 4 3¢

ethod |

G0 r"ﬁagcnm that are significant at > 2 dosss. *Number of annotated genes |
i s cance of & parent node dependent on mn nificance of its childr cdes ars

& et al. 2008}, 0.01 divided by the number of nedes in the 60 graph with at least one annotated gane. Significantly enriched termin cla )

GG I‘le:a:r‘!:y into account) but notin elim analysis in TopGO. Complete GO data are available in Supplameantal Material, Table § {doi10.1288/ehp. 1002546},

nt 1f he - vamn is fan g previously defined

tysis {which does not take
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the overall analysis as key nodes across three
to four dose categories, ir‘cluding immune
response, apoptosis, and »”’JP synthesis—
coupled proton transport | ab}e 2: for
complete data, see Supplemental Material,
Table 9.

Simi?arl}u mu]tipfe pathways found
to be highiv signiﬁcam in the overall analy-
sis {p = 0.005), including Toll-like receptor
signaling, oxidative phosphorylation, B-cell
receptor signaling, apoptosis, AML, and T-cell
receptor signaling, were enriched among the
differentially expressed genes associated with
three {including the very low dose category) or

Transcriptomics of human benzene exposure

four exposure categories [Table 3; for complete
data, see Supplemental Material, Table 10
(doi:10.1289/chp. 1002546))].

Twelve genes were up-regulated = 1.5-fold
at all four doses relative to unexposed controls,
imluding five genes [PTX3 (pentraxin-related
gene), CD44 ((CD44 antigen}, PTGS2 {pros-
taglandin-endoperoxide synthase 2}, JL1A4
(mterl-‘:u}{m 1, alphaj}, and SERPINB2 (ser-
pin peptidase inhibitor, clade B, member 2}
with FDR-adjusted p-values < 0.005. An addi-
tional four genes were up-regulated > 1.5-fold
at the top three doses, and » I.Effcdd at the
lowest dose {(Table 4).

Tabile 3. p-Values for pathways altered at each benzene exposure category.

Benzene exposure category

Very iow Low High
Pathway name? =79 (7 =30) n=11
¢ myeinid leukemia 0.033
Pancreatic cancer 0.007
> phosphoryi ﬂmn“ 0.003 0.001
i 0.002 0.027
0.003 0.004
0.035 0.062
0.002 0.018
0.045 0.004
PNA polyfnuase 0.043
Toli-like 1 naling pathway? 0.002 0.001
i aiing in Helicobacier pyfori infection? 0.003 0.006
hiosynihesis? 0.041 <0.007
tor signaling pathway? 0.002 0.005
0.002 0.007
eceptor interasiion” 0.011 0.030
0.002
0.049
jucleatide "~un r°paif 0.008
Renai cell carcinoma 0.024 0.015
Protein expart 0.053 0024
Stercid biosynthesis 0.004 0.034
Fc epsilon A signaling pathway 0.006 {
Jak-STAT signaling pathway 0.003 a CLO
MAPK si ng pathway 0.009 0.023

]

cant 8t 2 7 doses. FFOR-
rethways are available |

A EGH pathways that are sign
all analysis. Details of all KE

justed p-value (Benjamini and Hochberg 1985} <
m Kyoto Encyclopedia of Gene

035 in aver-
and Ganomes {2000},

Expression of each of

the 16 signature genes across the five exXpo-
sure categories shows a distinct pattern, with
the highest cxpmm on in the < 1-ppm (fow)
exposure group [see Supplemental Material,
Figure 2 {doi:10.1289/ehp.1002546}]. The
16 genes are involved in immune response,
inflammatory response, cell adhesion, cell-
matrix adhesion, and blood coagulation {ses
Supplemental Material, Table 11). Ten of
the 16 genes {or their products), 7 of which
are invelved in inﬂ'amm'a‘rorv response
{p = 1.4E-12}, form a network (Flvure 2y with
cerxeral roles for /L1A and PTGS2.

Dsse-specific effects. We used supervised
hierarchical dusteﬂng o generate a heat map to
allow visualization of patterns of gene expres-
sion across exposure categories. One ¢ group of
genes (~ 100} exhibited reduced expression
{ratios < 1} with increasing dose relative to con-
trols, whereas a second group {~ 100} appeared
to be elevared at all doses but more so ar low-
dose exposure (Figure 3).

We also observed dose-dependent
effects on biological processes and pathways.
For example, nucleosome assembly [see
Supplemental Material, Table 9 (doi:10.1289/
¢hp.1002546)] and the ATP- binding cassette
{ABC) transporter pathway (see Supplemental
Material, Table 10} appeared to be deregu-
fated only at the very high exposure level.
Among 78 genes that were highly signifi-
cantly (FDR p-value < 0.05) associated with
2z 1.5-fold increase in expression in the very
high exposure group, and not mgmhcar‘t]‘
altered at any of the other exposure catego-
ries relative to controls, a network involving
19 genes {or their products) was apparent, in
which v-src sarcoma viral oncogene homolog
(SRCY and matrix metallopeptidase 9 {(MAMP9)
play central roles (see Supplemental Material,
Figure 3}. Among 29 genes significantly
altered only at low dose benzene exposure,

Takie 4. Potential biomarkers of benzene exposurs based on gena exprassion ratios relative to unexposad controls.

ane gxposure ca

Very low (n

Huhfﬂ

Symbol Aatio 2 Aati 2 Ratio fets
SERFINBZ 247 0.002 3. 0.000 3.03 0.005
TNFAIPS 2. 0.000 2 0.000 172 0.030
/ 0.001 3 0.000 2.36 0.000
0.000 2.54 0.000 2.09 0.000
pentraxin-relaied 2, 8 0.000 230 0.000 1.62 0.003
cag .mon factor !I! { NE 0.003 2.83 0.000 1.78 0.034
147 1.64 0.000 1.76 0.000 1.64 0.005
Z470100 COL20 i 1.63 0.005 2.30 0.000 1.58 0.041
4880717 ACSLT a(:vimr:" syntheiase Iunj 1.83 0.001 1.79 0.000 1.59 0.010
1470687 PIGSZ prost aclandm endopero 1.86 0.000 198 0.000 1.68 0.003 00
1770152 CLECSA 1.57 0.009 2.28 0.000 178 0014 2B 0.0a0
4C]nC]E74 LIRN re 1.55 0.003 2.26 0.000 154 0.020 1.61 0.004
FRGZ proieaghcan 7, f 1.37 2.0n 1.83 0.000 1.5 0.007 1.68 0.000
SLOZAG solute 1.35 0.00% 172 0.000 15 0.000 1.60 0.000
GPRIZZ i 1.34 0.047 1.87 0.000 1.6 0.003 1.80 0.000
37 J3 ’Q PLAUR 1.29 0.035 1.80 0.000 1.6 0.002 1.58 0.0
Genes shown are up- or down-regulated = 1.5-fold relative to unexpeosed controls at three or four doses.
2E[JR-adjusted p-value (Benjemini and Hochberg 1995). *Genes that have p-values < 0.005 at all four doses.
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we identified a network of 15 genes involved
in immune response (p = 4E-12), with central
roles for interferon gamma (JFNG) and tumor
necrosis factor {TNVF) (see Supplemental
Material, Figure 4). Together, these data

e

Protein
- Ligand

Receptor

pr
B Regu

[r— T

suggest that benzene induces dose-dependent
effects, with the cavear thae differences in
power among the different exposure categories
may have influenced the r-‘:.sulting signiﬁcant
gene lists.

Figure 2. Network interactions among biomarkers of benzene exposure associated with all exposure
levels, illustrating a high degree of interreiatednass based on the literature, with cenirai roles for /LiA
and PTGSZ Pathway Studio software identified interactions among 10 of the 16 potential biomarkers of
benzene exposure. The interactions are mainly expression, with some regulation {regulator changes the
activity of the target) and oneg binding interaction. Red indicates up-reguiation.

- Elevated

at alf doses

Vary low Low

g Lowerad most
at high doses

High Yery high

Figure 3. Dose-dependent effecis on gene axpression. A heat map illustrates simple hierarchical clustar-
ing of the differentially exprassed 3,007 probes (FDR-adjusted p-value < 0.05) based on the mixed model
dascribed in "Materials and Methods.” The clustering was done on the four log, expression ratios
{darived as coefficients returned from the mixed model} all relative to controls. The color key relates to
the log, ratios observed. Clustering of genes was based on complate linkage {for algorithmic details of
algorithms used, see Murtagh 1985}, as implemented in the helust function in R, called by the heatmap.2
function available with the gplots library in Bioconductor (Gentleman et al. 2004). Note that the clustering

is based on Luclidean distance.
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Discussion

Technical variation is often ignored in human
toxicogenomic studies, leading to portential
bias in differential expression arising from
correlation with rechnical variation. In the
present study, we applied a rigorous study
design to assess scurces of both potential con-
founding and experimental variabilicy {nui-
sance variation} and analyzed the data using
statistical [ecbniques that incorporate non-
nested sources of variation (i.e., those not
eliminated by normalization) and that return
estimates of least Variability with accurate
inference (inear mixed-effects models). This
approach increased the power to detect asso-
ciations between benzene exposure and gene
expression, even at low-dose exposure levels.

More genes remained signiﬁcamiy up- or
down-regulated compared with controls after
muﬁtipl{: test correction in the present study
than in an earlier study examining sampiﬁs
from eight pairs of exposed workers and
unexposed controls on the llumina platform
{(McHale et al. 2009), likely because of the
increased number of individuals and the rigor-
ous approach to study design. Nonetheless,
we identified 247 genes in both study pop-
ulations using the Hlumina platform. Of
488 significant genes cross-validated on both
Hlumina and Affymetrix platforms (McHale
et al. 2009}, 147 genes were significant in the
present study. ZN 7 {zinc finger protein
331), significant afver mu]rip]ﬁ test correc-
tion in individuals occupationally exposed to
benzene at levels » 10 ppm compared with
controls in two earlier studies (Forrest et al.
2005; McHale et al. 2009), was significandy
up-regulated at both < 1 ppm and > 10 ppm
in the present study.

The finding that genes in the AML path-
way were strongly associated with muldple
exposure levels of benzene provides support
for our approach because epidemiological stud-
ies have established that benzene causes AML
{(Baan et al. 2009; Smith 2010). However, such
disease associations must be treated caudous?y
because the KFGG pathway information, on
which the pathway analyses were based, is
fimited for AML, and a KEGG pathway for
NHL has not been defined. Information about
altered molecular and cellular processes can
provide hiological plausibility for probable dis-
ease associations. Imumune response, previously
found to be associated with > 10 ppm benzene
exposure in our earlier transcriptomic study of
eight high-exposed control pairs (McHale et al.
2009}, was one of the major processes signifi-
cantly altered across muldiple exposure levels in
the present study, involving both innate (Toll-
fike recepror signaling) and adaptive (B-cell
recepror signzding and T-cell feceptor signzding
pathway) responses. Additionally, we found
central roles for the proinflammatory cytokines
LENG and TNE among genes uniquely altered
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at low-dose exposure in the present study. A
single nucleotide polymorphism in TN/ o
was pr(-:viousiy associated with susceptlbdit}' o
bone marrow dysplasia in chronic benzene poi-
soning {Lv et al. 2007). Further, genetic varia-
tion in 7VF (Rothman et al. 2006), Toll-like
receptor genes (Purdue et al. 2009}, and 7FNG
{(Cole et al. 2009) has previously been associ-
ated with NHL risk. Deregulation of path-
ways involving these genes through sustained
alterations in expression provides biological
p]ausibﬂity for the association of benzene with
fymphoid neoplasms.

Findings from the present study are con-
sistenit with previous reports of adverse effects
of benzene on oxidative stress (Kolachana et al.
1993) and mitochondria (Inayat-Hussain and
Ross 2005). Here, we found highly significant
associations with ATP synﬂﬁesis—ceup?ed pro-
ton transport and oxidative phosphorylation ac
all fevels of benzene exposure relative to unex-
posed controls. Expression of superoxide dis-
mutase (SO0, a mitochondrial defense against
reactive oxvgen species, was Gp- regu]atf:d in the
present study b‘/ 50--100% relative to controls.
HMOXI [}wme oxygenase (¢ ecyc]mO) 11, an
antioxidant and suppressor of TNE-¢ signaling
{Lee et al. 2009), was down-regulated in the
low-dose benzene exposure group. Increased
mitochondrial membrane permﬁabiiity poten-
tial induced by benzene metabolites (Inayat-
Hussain and Ross 2005) can lead to the
initiation of apoptosis. Indesd, apoptosis was
associated with all benzene doses in the present
smdy, consistent with our earlier observation of
an association with high-dose benzene exposure
{> 10 ppm) (McHale et al. 2009}

Pr-ﬁvic_msly, we found that chromatin
assr:mbiy was signiﬁcandy alvered after high«
dose benzene exposure (McHale et al. 2009).
The finding that nucleosome assembly (2 GO
category nested within chromatin assembly)
was overrepresented in the highest exposure
category in the present study confirms and
clarifies this potential mechanism of benzene-
associated leukemia.

Although significant involvement of the
P53 response pathw’w was previously found
in mice exposed to very high levels of benzene
(Faiola et al. 2004; Yoon et al. 2003), we did
not find such involvement in the present study
or in our earlier studies, and the immune and
inflammatory effects we found here in humans
were not recapitulated in the mouse micro-
arra‘y studies {Faiola et al. 2004; Yoon er al.

003). These differences suggest thar human
t@x)coéenomu studies may be more relevant
than animal studies, hhoup} differences in
exposure levels, tissues exami m:d, and uncon-
trolled confounding in the human study could
also be contrib uting factors.

Qur ﬁndmgs suggest two novel hypothe-
ses regarding benzene toxicity. Glycosyl-
phosphatidylinositol (GP] ;-anchor biosynthesis

fat
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was associated with all doses of benzene expo-
sure in the present study. The GPI anchor is a
C-terminal posttranslational modification that
anchors the modified protein in the outer Jeaf-
let of the cell membrane and putatively p?ays
roles in lipid raft partitioning, signal transduc-
tion, and cellular communication {(Paulick and
Bertorzi 2008). Because epigenetic silencing
of genes involved in GPl-anchor biosynthesis
miay be important in human disease, mciudmg
lvmp}lomfas (Hu et al. 2009), further investi-
gation of its role in benzene-associated disease
is warranted.

ABC transporters were associated hiﬂ Ay
significantly with only the highest (> 10 ppm)
benzene dose. In addition to their capacity
to extrude CYLOtoXic crugsw ABC transport-
ers are known to play important roles in the
development, differentiation, and maturation
of immune cells and are involved in migration
of immune effector cells to sites of inflamnma-
tion {van de Ven et al. 2009).

Our findings also suggest a potential gene
expression signature of benzene exposure. In
particular, fL74 and PTGS2 played ceneral
roles in the interaction network characterizing
the gene expression signature associated
with benzene in this study. Both molecules
are produced by activated macrophages and
other cells in inﬂammamry responses. A sin-
gle nucleotide p(ﬁymorphism that increases
1714 mBRNA expression has been inversely
associated with gr:mulocytﬁ count in benzene-
exposed individuals (Lan et al. 2605).
Overexpression of PTGS2, which occurs
frequently in premalignant and malignant
neoplasms, inciuding hema[ologicﬂ mﬂigf
nancies {Bernard et al. 2008}, together with
overexpression of the prostaglandin cascade,
leads to carcinogenesis through a progressive
series of highly specific cellular and molecular
changes (Harris 2009).

The expression pattern of the signature
genes suggests a nonlinear response to benzene,
Other biomarkers evaluated in popula-
tions exposed to benzene have shown simi-
lar patterns, including hematotoxicity (Lan
et ab. 2004}, benzene metabolism (Kim et al.
2006), and the generation of prc;tein adducts
{Rappaport et al. 2002, 2005). Further charac-
terization of the expression levels of these
genes across a range of benzene exposures in a
larger, independent stady is necessary to deter-
mine the applicability of the signature genes as
biomarkers of sarly effects and to explore more
formally the shape of the dose-response curve.

Conclusion

We have identified gene expression biomarkers
of early effects across a range of benzene
exposures. Our findings support previously
repo rted mechanisms relevant to adverse effects
of benzene and suggest potential novel mecha-
nisms for benzene toxicity. Future work should
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e validation of the potential biomarkers
and determining whether the gene expression
changes are effected through epigenetic pro-
cesses such as DNA methvlation (Bollag et al.
2007) and miRNA expression.

includ

RereRENCES

Alexa A, Rahnenfuhrar J, Lengauer T, 2

‘mpravec scoring of
functional groups “ro'n gen 8 e<pr ]

$ : sassiF, Bouvard V,
2009. A review of human carcincgens—part £
emical agents and related occupations. Lancet Gneol
10{1251143-1144,
Barry WT, Nobel AB, Wr
functional calegories in gene expressic
n approach.

mr flcran.r-proje

{a pssec ’*L Scaten‘be!

H the faise discovery

rater & practicai and powerful approach to multiple te
J R Stat Soc Ser B {571:289-300.

Bernard MP, Bancos S, Sime PJ, Phipps 8P. 2008, Targeting
cyciocxygenase-? in hematological mail i i

Curr Pharm DesM(..):Z 51--2060

iews/rei ease/bxcc/ﬁ mi :tupCU himi [QPLprpC

18 March 20111

Bollati V, Baccarelii
et al. 2007. Changes in ONA methylation patt
sxposed ic low-dose henzene. Cancer Res

Colt JS, Bothman N, Severson RK Par*ge P, Ce
Chatterjee N, et al. 2008, Organ

iation, and risk of non-Hodgk

1905

Edgar R. Domrachev M, Lash AE. 2002, Gene Expression
Omnibus: NCBI gene expression and hybridization array
data repository. Nucieic Acids Res 30{1):207-210.

Faicla B, Fuller ES, Waong VA, Recio L. 2004, Gene expression
profilein bane marrow and hematopoietic stem cnlls in mice

ed bnnzer‘e MJ'[ Res 5434

<in Iyrr phoma, Blood

Fitzr

ubbard AE, Zhang L, Vermeulen B, Zhao X,
Discovery of novel biomarkers by microarray
heral biood mononuclear cell gene expres-

etrix Senelhip data af the probe level Bicinformatics
35307 ?1“

grmatics.

t for computatiunai hiclogy and
ic r20 i0nfine

{10}:R8C; doii10.1186/gb-2004

tember 2004].

iE. 2008, Cyciooxygenase-2 {cox-2} biockade in the
chemcprevention of cancers of the colon, breast, prostate,
and lung. Inflammopharmacology 17(2)55-67.

Hu R, Mukhing GL, Lee 8H, unid pT Brown P,
et al. 2008, 91!9'1( ng

Harr

Exp Hematol 3744} 93 4’*4
inayat-Hussain SH, Ross D. 2005, intrinsic pathway of hydro-
quinone induced apoptosis occurs via both caspase-
dependent and caspase-independent mechanisms. Chem
Res Toxicol 18(3):420-427.
Kanehisa M, Goto S. 2000. KEG
and Genomes. Nucieic Ac
Kim S, Varmeulen B, Waidvanatha S, Joh
Srmith MT, et al. 2006, Modeling human meta
zene following occupational and envircnmental exposures.
Cancer Epidemiol Biomarkers Prav 1 12246-2252.
Koiachana P, Subrahmanyam VWV, Mevyer KB, Zhang L, Smith MT.
1993. Benzene and its phenalic metabolites produce oxida-
tive BNA damage in HLBO cells in vitro and in the bone
marrow in vive. Cancer Res 53{5}:1023-1026.
Kyoto Encyclopedia of Genes and Genomes.

a of Genes

yota Enoyc! apad
5 Res 28(1)

2000, KEGG

633

ED_002435_00002164-00006




McHale et al.

Pathway Database. Available: hitp/fwww. genome.jp/
{{accassed 18 March 2011].
82, Hardem sffects medels for longitudinal

srmatotokicity: resp
859,
. Weinberg RS, Dosemeci M,
etnl ”DDI Hematotoxic orikers exposed to low levals
beeunne Science 3CB’5702H;’M 1778,
L, Shen M, Smi Vl“’, Li G, Vnrmeqien H et al.

o h m*atm Xi \,ity among
{20}:9574-9581
CC, Chang CC, st al, 2008,

airway inflammation by down

dependant oxidative stress. Am J !73 1519-532.

Lv L, Kerzic P, Lin G, Schnatter AR, Bac L, Yang Y, et al. 2007. The
TNF-o 238A polymaorphism is associated with susceptibil-
ity to persisient bene marrow dysplasia wing chranic
expasure to benzene, Leuk Res 31{111:1479-1485,

hcHale CM, Zhang bbard AE, Smith MT. 2010. Toxicogenomic

ing of v exposed hum in risk assessment
Mutat Res 705(3}5:172-183.

McHale CM, Zhang L, Lan G, Li G, Hubbard AE, Forrest MS
et al. 2009, Ehﬁnqec in the peripheral blocd t!ar‘scnptun‘e
associated with oocupational benzene exposure id
fied by cross ompamm on two microarray platforms.
Genomics 83:

al Clustering Algorithms.
maPhysica-Yerlag.

NCBI {Nationai Center for Biotachnology Information}, 2002,
Gene Expression Omnibus {SED). Availabie: 1
rehintm.nib.gov/ges/ [accessed 22 March

piffannee,

e anaiysis &
Bicinformatics 18

Gooupati

Paulick MG,
anchor a pi
teins, Biochemistry 47(27 OOO,

Purdue MP, Lan Q, Wang 58, Kricker A, Menashe |, Zheng 7Z,
et al. 2009. A pooled invastigation of Toli-like recapicr gene
variants and risk of non-Hodgkin lymphoma. Carcinogenesis
30(2):275-281.

7 Development Core Team. 2010 B A Language and Envircrment
for Statistical Computing. Available: htip/Awaw . r-project.
org laccessed 2

Rappaport M, Waidyans Connell K, Rothman N,
Smith MY, Zh adducts as bio-
markers of human benzene metabolism. Chem Biol interact
153-154:103-108.

Fappaport SM, Yeowell-C'Connall K, §
Hayes RB, Zhang L, et al. 2002. Non-iinear production of
henzene oxide-aibumin adducts wit man exposure o
benzene. J Chromatogr B Analyt Techno! Biomed Life Sci
77801

Rothman N, Skibola OF, Wang &S, Morgan G,

hatidylinositol
cture for pro-

M7, Dosemeci M,

Lan {, Smith MT,

et al. 2006. Genetic variation in TNF and iL10 and risk of
non-Hodgkin tymphoma: a report from the Interbymph
Corwortium Lar*cet:]n'-o"iﬂ‘ﬁ 38.

T\, Ar nu stu Pubiic Ha

rtium 2000, Gene armlogy e

tion of biology. Nat Genet 25(1}1:25-29, Available:
httu Hfenaew . geneonto .org/GO_nature_genstics_2000.
pdf{accessed 18 March 2011}

Thomas B, Gehtke JM, Stopper GF, Parham FM, Portier CJ.

mans R, van der Heljden JW, Sc
nsen G, et al. 2008. ABC

Vermeulen R, Li G, Lan (1, Losemecs W, Bappapert SM, Boheng X,
at al. 2004. Detailed exposure assessment for a molacular
epidemiology study of I:nr‘zere in two shoe factories in
China. Ann Qeoup Hyg 4821105116,

Yiganderen J, Lan O, Krombout H, Rothman N, Vermeuien R,

Cocupaticnal banzene exposure 2 risk of lym-
phoma subtypes: & meta-analysis of cohort studies incor-
norating three study quality dimensions. Environmental
Health Perspect 118:159-167.

Yoon Bi, Li GX, Kitada K, Kawasaki v, Igarashi K, Kodama Y, et al.
2003, Meachanisms of benzene-induced hematotoxicity and
ieukemogenicity: cONA microarray analyses using mouse
hone marrowy tissue, Environ Health Perspact 411--1420.

634

vorumie 119 numser 51 May 2011 - Environmental Heaith Perspectives

ED_002435_00002164-00007



